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Selection signatureUnder a climate change perspective, the geneticmake-up of local livestock breeds showing adaptive traits should
be explored and preserved as a priority. We used genotype data from the ovine 50 k Illumina BeadChip for
assessing breed autozygosity based on runs of homozygosity (ROH) and fine-scale genetic structure and for de-
tecting genomic regions under selection in 63 Tunisian sheep samples. The average genomic inbreeding coeffi-
cients based on ROH were estimated at 0.017, 0.021, and 0.024 for Barbarine (BAR, n = 26), Noire de Thibar
(NDT, n = 23), and Queue fine de l'Ouest (QFO, n = 14) breeds, respectively. The genomic relationships
among individuals based on identity by state (IBS) distance matrix highlighted a recent introgression of QFO
into the BAR and a genetic differentiation of NDT samples, possibly explained by past introgression of
European gene pools. Genome-wide scan for ROH across breeds andwithin the BAR sample set identified an out-
standing signal on chromosome 13 (46.58–49.61 Mbp). These results were confirmed using FST index, differen-
tiating fat vs. thin-tailed individuals. Candidate genes under selection pressure (CDS2, PROKR1, and BMP2) were
associated to lipid storage and probably preferentially selected in fat-tailed BAR animals. Our findings suggest
paying more attention to preserve the genetic integrity and adaptive alleles of local sheep breeds.
© 2021 The Authors. Published by Elsevier Inc. on behalf of The Animal Consortium. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Implications
Native sheep breeds were considered as a reservoir of genetic vari-
ability to produce food under low input production systems. Based on
a fine-scale genetic diversity using single-nucleotide polymorphism
array, our study highlighted a genetic homogenization between local
breeds linked mainly to the absence of coherent breeding strategies
and farmers organizations. Genome-wide scan of fat-tailed Barbarine
sheep identified signals of selection for fat deposition and adaptive al-
leles to semi-arid area. Our findings showed that is possible to establish
suitable breeding programs as well as coherent crossbreeding activities
to enhance native breed's ability to better produce even under harsh
conditions.
Introduction
Sheep (Ovis aries) were domesticated 11 000 Before Present in the
Anatolia region from Asian Mouflon (Ovis orientalis). The Northerndhiaf-Romdhani).
vier Inc. on behalf of The Anim
af-Romdhani, S. Mastrangelo
al, https://doi.org/10.1016/j.African sheep is 7 000 years old and contains a remarkable diversity of
populations, which have been maintained under traditional farming
systems over millennia (Iniguez, 2005). The need to maintain and im-
prove local genetic resources has been recognized as a priority, at the
world level (Galal et al., 2000). More than 6.8 million sheep heads are
raised in Tunisia, where 80% of them are owned by small farmers with
low income and living under harsh conditions in rural areas. About
four millions of breeding ewes belong to four different breeds:
Barbarine (BAR, 58%), Queue fine de l'Ouest (QFO, 37%) and Noire de
Thibar (NDT,2%) (Supplementary Table S1). The remaining sheep pop-
ulations are represented by the exotic (Moroccan) D'man and the syn-
thetic Sicilo-Sarde dairy breed (Office de l'Elevage et des Pâturages,
2018). The Barbarine breed, the most important native sheep in
Tunisia, is the unique fat-tailed breed in Tunisia also exists in Libya
and Algeria. It has been introduced into North Africa since the Cartha-
ginian times andwas reintroduced until 900 A.D.CEwith the Arab inva-
sions (Sarson, 1973). Barbarine breed is at the origin of “Tunis” sheep
breed reared in USA (Gammoudi and Bedhiaf, 2015) and, possibly, of
the Italian Barbaresca breed (Tolone et al., 2012). The Barbarine breed
is characterized by a rich reservoir of genetic ecotypes well adapted to
the prevailing agro-ecologies of semi-arid areas (Bedhiaf-Romdhanial Consortium. This is an open access article under the CC BY-NC-ND license
, et al., Genome-wide analyses reveal population structure and identify
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crossbreeding (i.e., breedingnot carried outwithin the framework of se-
lection plans) with the thin-tailed QFO breed. This crossbreeding is
practiced by herders to improve fattening performance of QFO and/or
reduce the tail size for easiermatingmanagement in crossbreed animals
(Bedhiaf-Romdhani et al., 2020). The QFO, originated from the Algerian
Ouled Djallel breed, is mainly raised in the west area of Tunisia close to
the Algerian frontiers as indicated by its name. The NDT breed is found
only in the sub-humid northern region of Tunisia. It was created since
1908, to obtain black-coated animals tolerant to photosensitization
caused by hypericum weeds and for the production of mutton-fine
wool (Baazaoui et al., 2020). Indeed, it is a composite breed, the result
of reciprocal crossing between the French Merinos d'Arles breed and
local thin-tailed sheep, followed by crossbreeding with the Black
Brown Swiss breed (Chalh et al., 2007). Recent studies have underlined
the usefulness of single nucleotide polymorphism chip genotyping and
Runs of Homozygosity (ROH) analyses for monitoring genetic diversity
(Ghoreishifar et al., 2019) and genetic relationships in local breeds at
national and cross-border level (Meyermans et al., 2020; Rochus et al.,
2020). Moreover, analysis of ROH classes of different length can help
to trace not only the recent but also ancient inbreeding depending
from the length of ROH fragments (Peripolli et al., 2017). Selection typ-
ically leaves signatures in the genome, which are often characterized by
high genetic differentiation across breeds and/or a strong reduction
of within-breed genetic diversity in regions associated with traitsFig. 1. Sampling sites, breeding zones, a
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under intense selection pressure. Indeed, ROH are commonly used
to identify genomic regions under putative selection (Mastrangelo
et al., 2017; Almeida et al., 2019; He et al., 2020). In order to fol-
low-up the selection signatures map in fat-tailed sheep initiated by
(Moradi et al., 2012), many studies contributed to explore potential
candidate genes for the fat tail phenotype using the FST-outlier
method contrasting fat vs. thin-tailed breeds (Moioli et al., 2015;
Wei et al., 2015; Yuan et al., 2017; Xu et al., 2017; Zhao et al.,
2020) as well as analyzing genomic regions with high ROH frequency
(Mastrangelo et al., 2019). Tunisian breeds have not been the object
so far of such kind of studies. Therefore, this work aimed to
(i) understand the genetic relationships among three Tunisian
sheep breeds using the Illumina Ovine 50 K SNP BeadChip; (ii) inves-
tigate the characteristics of ROHs in those breeds, and (iii) identify
genomic regions under selection by using a combination of ROH
hotpots analysis and an FST-outlier approach.
Material and methods
Sampling, genotyping, and data quality control
Blood sampling was performed on 63 meat sheep samples, belong-
ing to fat-tailed Barbarine (n = 26) and thin-tailed animals from the
NDT (n = 23) and QFO (n = 14) breeds (Supplementary Table S1,
Fig. 1). To minimize the probability of relatedness among individuals,nd studied sheep breeds in Tunisia.
Table 1
Descriptive statistics for effective population size (Ne) runs of homozygosity (ROH) and
inbreeding coefficient in the studied sheep breeds.
Breed Ne1 NTROH2 MNROH3 ALROH4 FROH>1Mb5
BAR 376.6 180 7.20 5.87 0.017 ± 0.028
NDT 706.5 252 12.60 4.31 0.021 ± 0.009
QFO 174.0 128 9.85 6.58 0.024 ± 0.036
BAR = Barbarine; NDT = Noire de thibar; QFO = Queue fine de l'Ouest.
1 Contemporary effective population size.
2 Total number of ROH per breed.
3 Mean number of ROH per individual.
4 Average length of ROH in Mb;
5 Mean ROH-based inbreeding coefficient with standard deviation.
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farms appointed by the Tunisian Ministry of Agriculture for the breed
conservation as well as private farms, located mainly in the northern
and central part of the country. The genomic DNA was isolated using
the standard phenol-chloroform protocol (Sambrook et al., 1989). The
samples were genotyped at 54241 SNP markers using the Illumina
Ovine SNP50 BeadChip (San Diego, USA). Data quality control was per-
formed using PLINK v1.07 (Purcell et al., 2007). The SNPs positionswere
updated to the Ovis_aries_v4.0 version using the information available
in the SNPchiMP v3 database (Nicolazzi et al., 2015). Only SNPs located
on autosomes were considered in further analyses. The eligible SNPs
were then filtered according to the following criteria: (i) SNP call
rate > 90%, (ii) minor allele frequency (MAF) > 0.01, (iii) individual
call rate > 0.9. Samples and markers that did not satisfy these criteria
were excluded.
Population genetic analysis
We computed allele sharing distance (ASD) via PLINK 1.07 to per-
form multidimensional scale (MDS) analysis. Genetic admixture was
assessed through the model-based clustering algorithm implemented
in the software Admixture v. 1.22 (Alexander and Lange, 2011),
adopting the default settings. In addition, a network-based approach
implemented in NetView v.1.1 software (Neuditschko et al., 2012;
Steinig et al., 2016) using identity by state (IBS) distance matrix was
performed. To better visualize the complex population networks, we
used increasing K (i.e. parameter determining the number of mutual
nearest neighbors) values up reaching an arbitrarily sufficient level of
connectedness among samples.
Runs of homozygosity mapping
The analysis of certain genomic regions often shows reduced genetic
diversity and stretches of autozygosity at the individual and popula-
tion levels, called runs of ROH due to identical by descent (IBD)
chromosomal segments arising from a common ancestor. Runs of
homozygosities were computed across autosomes for each individ-
ual using PLINK 1.07. The following criteria were used to define the
ROH: (1) one missing SNP was allowed in the ROH and up to one
possible heterozygous genotype, (2) the minimum number of
SNPs that constituted the ROH was set to 30, (3) the minimum
SNP density per ROH was set to one SNP every 100 kbp
(100 000 bp) and (4) maximum gap between consecutive homozy-
gous SNPs of 250 kbp.
Runs of homozygosity distribution, inbreeding coefficient and effective
population size
For each breed, the average ROH number (MNROH) was calculated by
dividing the total number of ROHs by the number of samples. The aver-
age total ROH length (ALROH) was calculated as the total ROH length di-
vided by the total number of individuals. In addition, each ROH was
categorized based on its physical length as follows: 1 to < 5 Mbp, 5 to
< 10 Mbp, 10 to < 15 Mbp, 15 to < 20 Mbp, and ≥ 20 Mbp. For each
of the ROH length categories, themean sumof ROH per breedwas calcu-
lated by summing all ROHs (Mbp) per animal in that category and aver-
aging this per breed. The genome-wide inbreeding coefficient,
FROH > 1 Mb, was calculated for each individual using the following
method (McQuillan et al., 2008): FROH ¼ LROHLAUT where L is the total length
of all ROHs per animal while LAUT refers to the length of total autosomal
SNP coverage.
The contemporary effective population size (Ne) was estimated
usingNeESTIMATOR v. 2 (Do et al., 2014) according to the randommat-
ing model of the LD (Linkage Disequilibrium) method. We used a
method described by Waples and Do (2008) to add a bias correction3
into the original LD method and a threshold of 0.05 as the lowest allele
frequency to derive the least biased results. We reported our estimates
with ± 95% confidence intervals.
Identification of putative genes under selection
Detection of runs of homozygosity islands
To detect the genomic regions frequently covered with ROHs across
and within breeds (BAR, NDT and QFO), the number of times each SNP
occurred in ROH was calculated separately in each breed. The ROHs re-
peated in more than 10% of the individuals in each breed (less than 1%
of the SNPs) were considered as a potential ROH islands or hotspots,
as suggested in previous studies (Szmatoła et al., 2016; Purfield et al.,
2017; Ghoreishifar et al., 2020). Further, the frequency of ROHs was
plotted against their physical position across individuals and within
each breed.
Wright's fixation index
To validate the putatively selected SNPswithin theROHhotspots, we
used Wright's fixation index FST-outlier analysis contrasting fat- vs.
thin-tailed sheep using the BayeScan 2.1 software (Foll and Gaggiotti,
2008). This package implements an FST-based hierarchical Bayesian
model using a reversible jump MCMC (Monte Carlo Markov Chain) to
detect loci that are subject to selection, with FST being the Wright's fix-
ation index (Wright, 1949). FST values were ranked, and those falling
in the top 0.1% and equivalent to FST=0.5were considered as putatively
under selection pressure. Genes falling in a window of 100 bp upstream
and downstream the most significant SNP position were considered as
significant candidate genes. Annotated genes were obtained from the
Ovis aries reference genome version 4.1 map viewer (http://www.
ncbi.nlm.nih.gov/gene/) using the NCBI website. The biological function
of the annotated genes was explored via extensive literature review.
Results
Statistics for runs of homozygosity, inbreeding coefficients, and effective
population size
Analysis of ROH distribution over total samples highlighted 607
ROHs, with a mean of 5.58 ROHs per individual, out of which 89% are
less than 5 Mbp in size. Table 1 presents the descriptive statistics for
runs of homozygosity, effective population size (Ne), and the genome-
wide inbreeding coefficient, FROH > 1Mbp in BAR, NDT and QFO breeds.
The average length of ROH (ALROH) showed similar values among the
three sheep breeds. The mean number of ROHs per breed ranged from
7.20 (BAR) to 12.60 (NDT). Distribution of runs of homozygosity and in-
breeding coefficients (FROH > 1Mbp) for each sheep breed are reported
in Supplementary Figure S1. BAR breed showed the lowest value of
(FROH>1Mbp) (0.017), in agreementwith theMNROH results. However,
the QFO revealed high variability in autozygosity levels where
FROH > 1 Mbp values ranged from zero to 0.13. The highest value of
Fig. 2. Classification of runs of homozygosity (ROH) in five categories according to size (from 1 to 5Mbp to more than 20Mb) (x-axis) and mean sum of ROH in Mbp (y-axis) within each
ROH length category for Barbarine (BAR), Queue fine de l'ouest (QFO), and Noire de thibar (NDT) sheep breeds.
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706.5) and the lowest in QFO (Ne = 174). The classification of runs of
homozygosity (ROH) in five categories according to size from 1 to
5 Mbp to more than 20 Mb for each breed is shown in Fig. 2 and it
shows that most ROHs in NDT animals are short (1–10 Mbp) while
the QFO has long stretches of consecutive homozygous genotypes
(10–20 Mbp).
Genomic relationships among breeds
After data filtering, the final number of animals and SNPs retained
for further analyses were 58 and 46 232 respectively. The Fig. 3 illus-
trates the fine-scale genetic structure of BAR, NDT, and QFO sheep
breeds. The MDS (Fig. 3a), Admixture (Fig. 3b), and NetView (Fig. 3c)
analyses consistently highlighted a differentiation of NDT from BAR
and QFO which, instead, showed a marked genetic closeness among
them. A notable exception could be highlighted in the clustering of
four QFO samples, and this peculiar patterning was consistently ob-
served via MDS, Admixture (at K = 3 and 4), and NetView (at K = 5,
10 and 20) analyses (Fig. 3). These samples originated from a public
farm institutionally engaged in QFO genetic conservation. The Supple-
mentary Figure S2 showed that the most appropriate number of ances-
tral sub-populations inferred through the Admixture cross-validation
approach was K = 1. This result confirms the weak genetic structure
among Tunisian breeds. Moreover, the topology of the NetView net-
work showed that most of the samples fall in breed-specific clusters,
and starting from K = 10, a first link between BAR and QFO appears,
mediated by a putatively admixed QFO sample which rather located in
the BAR group in the MDS plot.
Genomic regions within runs of homozygosity hotspots
By determining the abundance of SNPs in ROHs, several genome re-
gionswere identified as potential ROH hotspots. Analysis across all indi-
viduals (n=58) showed three genomic regions, on chromosomes 1, 10,
and 13, found to contain putative ROH hotspots encompassing 84 signif-
icant SNPs, with total ROH length ranging from 0.47 Mbp in chromo-
some (OAR) 10 to 3.03 Mbp in OAR 13 (Fig. 4, Table 2). The highest4
percentage of SNPs found in ROH (16.67%)was observed in the chromo-
some 13, on the genomic region ranging 46.58 to 49.61Mbp. The abun-
dance of SNPs in ROH in BAR, NDT and QFO was nonuniform among
chromosomes (Supplementary Figure S3). The chromosome position,
number of SNPs, start and end position of ROH, and number of anno-
tated genes within the genomic regions of extended homozygosity are
reported in Supplementary Table S2. The longest ROH island was ob-
served in QFO on OAR 16 (42.16 Mbp), while the shortest one was ob-
served in NDT on OAR 13 (0.15 Mbp). The highest ROH signal was
observed in chromosome 13 in BAR samples, with a mean frequency
of 0.31. This signal starts at position 46 270 456 and ends at
49 619 573 bp, with a total size of 3.3 Mbp including 28 consecutive ho-
mozygous SNPs with frequency of 36%. Surprisingly, the same signal
was also observed on OAR 13 when using the FST-outlier approach, lo-
cated in the genomic interval 48 193 040–49 070 447 bp with a peak
(FST = 0.869 at genomic position 48 552 093 bp) (Supplementary
Figure S4).Discussion
Genetic diversity and genomic relationships among breeds
The study of the breed genetic diversity based on ROH statistics
highlighted NDT as the less consanguineous breed and characterized
by ROH segments higher than 1 Mbp, possibly related to ancient in-
breeding and not deriving from linkage disequilibrium (LD) patterns
(Bosse et al., 2012). On the contrary, QFO looks tohave experienced a re-
cent inbreeding since animals showed high inbreeding coefficients and
longROHs. This observation could be at the origin of the fourQFO inbred
samples highlighted in the genetic structure and MDS clustering plots.
Moreover, the distribution of FROH revealed that QFO individuals have
high variability in autozygosity levels probably due that different
farms may have adopted different strategies in managing the inbreed-
ing problem. These results reflect in general the breed management
practices that allow for uncontrolledmating of related individuals espe-
cially in smallholder farms where the exchange of rams among flocks is
quite unusual. The results of the population structure (MDS, Admixture
and Netview analyses) showed two clear genetic patterns of local sheep
Fig. 3. Fine-scale population structure of Barbarine (BAR), Queuefinede l'ouest (QFO), andNoire de thibar (NDT) sheep breeds. a)Multidimensional scaling (MDS) clustring, b) Admixture
ancestry at K = 2, 3, and 4 c) Mutual nearest-neighbor graphs obtained from NetView considering the following k = 2, k = 5, k = 10, k = 20, k = 30 and k= 31. Color shades code for
different sheep breeds (BAR = blue, QFO = red and NDT = green). The highlighted QF1, QF8, QF16, QF16, QF58, and QF73 samples represent outliers from the main QFO goup.
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breeds and ii) a high genetic closeness between BAR and QFO breeds;
these two points were in agreement with results obtained by Bedhiaf-
Romdhani et al. (2020) when using a data set of 40 samples. Indeed,
the genetic differentiation of NDT from the other local Tunisian breeds
as a consequence of European gene flow (Porter et al., 2016). In addi-
tion, the investigation of genomic variation betweenNDT and its paren-
tal breed (QFO), uncover selection signature implicated in tolerance to
photosensitization by local toxic weeds (Baazaoui et al., 2020).TheFig. 4.Manhattan plot of the occurrence of single nucleotide polymorphisms (SNPs) in runs of
(n = 58).
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genetic closeness between BAR and QFO would not be surprising, if
we consider the size reduction observed in the Barbarine population
(Sassi-Zaidy et al., 2014) caused by massive cross-breeding between
the two breeds. In fact, the shift toward thin-tailed sheep breeds at
the expense of the fat tailed Barbarine was mainly due to the butchers'
interests. Because of the difficulty in selling the fat of the carcass tail,
butchers were reluctant to buy Barbarine animals and farmers admit
that butchers' preferences are influencing income because they are pay-
ing favorably thin-tailed animals (Bedhiaf-Romdhani et al., 2008). Thishomozygosity (ROH) islands across different chromosomes (OAR) in all sheep individuals
Table 2







Genes Genes in ROH hotspot
1 11.67 25 1 185 49 985 611–51 170 678 8 LOC101120030, ERICH3, TRNAW-CCA,CRYZ, TYW3, LHX8, SLC44A5, LOC105611835
10 11.11 9 473 32 442 135–32 915 074 10 LOC101113604,LOC101114283, LOC101114533, LNX2, MTIF3, GTF3A, RASL11A, RPL21,
LOC105609570, USP21
133 14.77 50 3 037 46 582 744–49 619 573 20 CDS2, LOC101109379, PROKR2, GPCPD1, LOC101109635, C13H20orf196, TRNAF-GAA,
CHGB, TRMT6, MCM8,LOC105609936, CRLS1, LRRN4, FERMT1, LOC106991507,
LOC101117437, BMP2, LOC101117953, LOC101118207, LOC101110166
1 Mean percent of significant SNPs (P > 10%) of occurrence in a ROH region.
2 Number of loci identified within ROH hotspots.
3 Chromosome 13 include the highest SNPs frequency in ROH region.
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on the Barbarine breed, which is perfectly adaptated in a variety of pro-
duction systems. Indeed, crossbreeding among autochthonous North-
ern African sheep breeds is a current practice (Othman et al., 2016;
Harkat et al., 2017) for the purpose to improve production perfor-
mances and cope with economic pressure. Moreover, these results are
consistent with those observed in studies performed on other
Maghrebin breeds, which evidenced a clear genetic homogenization
among local sheep populations (Belabdi et al., 2019), attesting for simi-
lar anthropological and demographic events of Northern African sheep
genetic ressources.Detection of fat tail selection sweeps
Fat deposition in the tail of sheep is an adaptive attribute that allow
to cope with periodic feed fluctuations in semi-arid and arid areas (Atti
et al., 2004; Bedhiaf-Romdhani and Djemali, 2006). In this study, using
both the ROH and the FST-outlier approches,we detected an outstanding
signal of selection located on chromosome13.We focused our attention
on this signal because it represents a putatively selected genomic region
significantly differentiated the Barbarine fat-tailed breed from the two
thin-tailed Tunisian breeds and could harbor genes involved in fat depo-
sition in Tunisian sheep. The genomic region within the ROH hotspot
spanning 46.5–49.6 Mbp on OAR 13 (Table 2, Supplementary
Table S2) encompasses several known genes with specific relevance in
lipid metabolic processes (CDS2, PROKR1, and BMP2). Among them,
theCDS2 gene, that is involved in thephospholipid biosynthetic process,
has been shown to be an important novel regulator of lipid storage (Qi
et al., 2016). The prokineticin receptor1 (PROKR1) has been shown to
control obesity through suppression of preadipocyte proliferation and
differentiation in an animal model and in humans (Yuan et al., 2017).
The BMP2 gene has been shown to play an important role in fat tail de-
velopment in sheep breeds (Lu et al., 2020). It has been detected as a
possible candidate gene for the fat tail phenotype in Chinese sheep
(Wei et al., 2015; Yuan et al., 2017), in Italian Laticauda breeds and sev-
eralMediterranean breeds including the Lybian Barbarine (Mastrangelo
et al., 2019). Thus, the observed selection signal is widespread in fat
tailed sheep breeds from different geographic origins, suggesting that
those breeds may share a common ancestor. Moreover, the BMP2 gene
has been reported to have an influence on regulating body size and
muscle development in cattle (Ghoreishifar et al., 2020). A recent
study by Panet al. (2019) suggested that thefixation of fat tail in domes-
tic sheep is caused by a selective sweep near a retro-transposable
hotspot on OAR 13 (47 993 040–49 270 447 bp), affecting the expres-
sion of the BMP2 gene. It was, indeed, found to be differentially
expressed between fat-tailed and thin-tailed sheep individuals in tail
adipose and several other tissue types. Moreover, the same study
shows that LOC101117953 is a novel gene copy derived from a retro-
transposable event, originated from protein phosphatase 1 catalytic
subunit gamma (PPP1CC) gene, located also at ovine chromosome 13.6
In fact the PPP1CC gene was evidenced as determinant of fat deposition
and tail-type differences in Chinese sheep (Wei et al., 2015). Genomic
structure of three local Tunisian sheep breeds investigated using me-
dium density SNP data revealed a genetic homogenization between
the thin-tailed QFO and the fat-tailed BAR breed caused by breeds
intermixing and uncontrolled crossbreeding. The adaptation of
Barbarine breed to harsh conditions is explained through selection sig-
nature on chromosome 13 elucidating themechanism of tail fat deposi-
tion and providing insights into fat tail formation. This study showed
that the Tunisian sheep flocks' genetic management and mating pro-
grams deserve more attention in order to preserve and valorize adap-
tive alleles, which are an irreversible heritage.Supplementary materials
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